Rain-induced cracking in fruits of sweet cherry (Prunus avium [L.]) is a problem in most producing areas of the world and causes significant economic losses. Different orchard management practices have been employed to reduce the severity of this problem, although a complete solution is not yet available. Fruit cracking is a complex phenomenon and there are many factors that seem to be involved in its development. During the last decade, genomic and biochemical approaches have provided new insights on the different mechanisms that could be involved in the differential susceptibility shown by commercial cultivars. For instance, sweet cherry genome and transcriptome sequencing information have provided new opportunities to study the expression and structure of genes involved in cracking, which may help in the development of new tolerant cultivars. The present review summarizes, discuss, and integrate most of the recently generated information in cultural practices, physiology, biochemistry, and genetics in relation to cracking in sweet cherries.
INTRODUCTION
Cracking and splitting of fruit caused by rainfall before harvest, is a serious economic problem in some fruit species including cherries and grapes (Simon, 2006) . In sweet cherry (Prunus avium [L.]), rain-induced cracking before harvest is the most important crop loss in many cherry-producing areas. Chile is the main cherry exporter in the Southern Hemisphere; therefore, cracking can seriously compromise quality and crop profitability (Valenzuela, 2007) . This disorder is characterized by cracks developed after a rain on the skin of the fruits, sometimes deep into the flesh, affecting the stem end area, the calyx end and the cheeks of the fruit (side cracks). These cracked cherries lose their commercial value for fresh-fruit market, and can be only sold locally or to processing industry.
Rain-induced cracking in cherries is a complex phenomenon and there are several factors associated with its occurrence. Cultivar, growing conditions, irrigation management, rootstock, fruit size, flesh osmotic potential, cuticular characteristics of the skin and stage of fruit development, are among the most commonly reported factors influencing the onset of the problem (Verner and Blodgett, 1931; Sawada, 1931; Kertesz and Nebel, 1935; Considine and Kriedemann, 1972; Christensen, 1976; Yamamoto et al., 1990; Roser, 1996; Christensen, 1996; Sekse, 1998; Christensen, 2000; Lane et al., 2000; Moing et al., 2004) . The basic mechanism causing this disorder, although not fully understood, seems to be the rapid increase in water absorption by the fruit. This increment on the water content of the fruit may be the result of the direct water absorption through the fruit skin cuticle or its absorption through the vascular system (Kertesz and Nebel, 1935; Christensen, 1973; Sekse, 1995; Measham et al., 2009) . Also, three types of cracking have been described in the literature: stem, apical, and side cracks (Christensen, 1972) . Research from Australia suggests that the type of cracking (i.e., stem, apical, and side) may not be an expression of the severity of a single process, but may rather be the manifestation of the different water uptake pathways during the onset of the problem (Measham et al., 2009; .
Cultural practices used for managing fruit cracking
Management practices that are used to reduce fruit cracking can be classified into three groups: (1) reduction of fruit wetting in the final stage of ripening; (2) reduction of fruit osmotic potential during the occurrence of rain in fruit; and, (3) protection of the fruit with elastics and/ or hydrophobic films. Prevent cracking by either avoid physically contact of rainwater with the fruit cuticle or, by chemically modifying osmotic potential of the outside solution (i.e., rain water deposited on the fruit) has been normally used.
Blowing off the water deposited on the fruit by flying helicopters or spraying equipment, is commonly used by growers worldwide. The use of hydrophobic films has also been reported to physically prevent water uptake through the cuticle. Torres et al. (2009a) reported significant reduction of induced cracking when fruit was sprayed with a lipophilic hydrophobic compound which formed a film over the fruit. Schrader and Sun (2005) have also reported significant reduction of cherry cracking when hydrophobic films were used under commercial conditions. Several researchers have reasoned that application of a salt or sugar to cherries could help to balance osmotic potentials and slow uptake of rainwater through the cuticle during a rain (Lang and Hayden, 1997; Fernandez and Flore, 1998; Lang and Flore, 1999; Heacox, 2001) . Additionally, several authors have also reported a reduction in cracking after preharvest Ca sprays to the fruit (Glenn and Poovaiah, 1989; Yamamoto et al., 1992; Sekse, 1995) , but results have been inconsistent, and with side effects, like a reduction in the size of fruits (Facteau et al., 1987; Podestá et al., 2001) . Torres et al. (2009b) showed that the cracking index was reduced when fruit was immersed in Ca solutions (1% v/v) compared to distilled water. This was assessed in the laboratory by submerging fruit in different osmotic solutions for 8 h. After this time, the number of cracked fruit was counted and the cracking index calculated (Christensen, 1972) . As fruit ripened, cracking index increased progressively. According to laboratory tests and field trials, hydrophobic films alone or mixed with calcium chloride (CaCl2) solutions can also reduce cherry cracking (Palma, 2009; Torres et al., 2009b) .
The use of physical and mechanical barriers to prevent rainwater to touch the fruit, such as polyethylene covers, significantly reduce fruit cracking; however, this system does not guarantee total control of the problem (Lugli et al., 2001 ) and its high implementation costs limit massive use of this technology (Bergamini and Tomasi, 1994; Lugli et al., 2001) . Polyethylene and other type of covers are installed as fix or mobile structures. The fix type, once installed, is not removed until the end of harvest, while the mobile covers set over the trees only in case of rain. The mobile systems have a minimal effect on the orchard microclimate (temperature, relative humidity, and light), while fix covers may cause an increase in temperature and relative humidity, particularly at the top of the tree, deteriorating fruit quality (Lugli et al., 2001 ). More recently silicon-based products have been used to form layers over the fruit (Ellena et al., 2006; Sorrenti et al., 2008) . Treatment with 0.7% sodium silicate applied weekly (three times) from the color turning stage until 1 wk before harvest reduces the percentage of fruit cracking. The effectiveness of foliar Si to prevent cracking in sweet cherries may be due to both the increase of the elasticity of the cell wall and reinforcing structures, forming a protective layer that minimize the penetration of water and fungal pathogens (Ma, 2007) . However, results with silicon have been erratic at the orchard level. This means that physical barriers may be effective in reducing cracking under certain conditions, like areas with low rainfall during fruit ripening.
Physiological factors involved in fruit cracking
Physiological mechanisms that have been studied to explain fruit cracking include water uptake by the fruit, fruit osmotic potential, anatomical aspects of fruit cells (number and size), cuticle physical properties, and dynamics of fruit growth.
The first factor proposed to explain fruit cracking was the excess water absorbed by roots or directly by the fruit surface. Water absorbed through the roots during fruit ripening may play an important role in the development of cracking, because it induces an increase in the internal turgor pressure of the fruit (Kertesz and Nebel, 1935; Considine and Kriedemann, 1972; Yamamoto et al., 1990 , Measham et al., 2010 . Nevertheless, other researchers have proposed that water absorption through fruit skin is the most important factor in the development of this phenomenon (Sawada, 1931; Verner and Blodgett, 1931; Christensen, 1976) . The water uptake threshold at which fruit cracks was closely related to cracking susceptibility among some cultivars (Lane et al., 2000) .
Fruit osmotic potential is an additional factor that has been correlated with the development of cracking. Some researchers have found a positive correlation between fruit osmotic potential and occurrence of fruit cracking under controlled conditions (immersion of fruit in distilled water). These studies show that the osmotic potential of cherries not only varies along the growing season, but also among different cultivars (Christensen, 1996; Sekse, 1998) . They also suggest that osmotic potential could be a useful parameter to determine fruit susceptibility to raininduced cracking during its development and the right time to apply external treatments to mitigate this problem (Torres et al., 2009b) . Recent information, however, suggest that fruit osmolarity is not a good physiological indicator of the degree of susceptibility. Moing et al. (2004) showed that, at commercial maturity, when fruit susceptibility to cracking is highest, no clear differences appeared between susceptible and tolerant varieties in flesh or skin osmolarity, suggesting that cuticle properties and no fruit osmolarity may play an important role in the development of this problem.
Very early studies suggest that firmness and size of fruit could be correlated with the development of cracking. It was initially postulated that fruit volume increase, due to water uptake, affects more severely larger and firmer cultivars (Tucker, 1934) . However, others studies comparing larger number of cultivars (Zielinski, 1964; Christensen, 1975) found no significant relationship between these parameters and the development of fruit cracking. Cultivar susceptibility varies with the stage of fruit development (Christensen, 1973) . Sweet cherry presents a double-sigmoid pattern of fruit growth (Coombe, 1976) , which divide the fruit development period (FDP) into three distinctive growth phases: Phase I, which goes from full bloom to about 20-25 d after full bloom (DAFB), is characterized by the rapid division of mesocarp cells; Phase II, characterized by embryo development and endocarp hardening; and, Phase III, characterized by cell enlargement resulting in the final fruit size. Phase III is a critical moment for cracking and in earlier studies was closely linked to the rapid expansion of fruit mesocarp (Christensen, 1973) . As cell enlargement progress in the mesocarp, the elastic capacity of the cuticle is exceeded as a consequence of the high fruit internal pressure during Phase III, which increases the incidence of cuticular fractures resulting higher water flux into the fruit (Knoche et al., 2001) . Some studies concluded that cuticular fractures in sweet cherry fruits contribute 60% of water diffusion during Phase III (Gibert et al., 2005) . Recent studies demonstrate a clear difference in fruit growth rate and water uptake rate patterns among sweet cherry cultivars with contrasting levels of cracking susceptibility (Bastías et al., 2010) . For example, in this study it was shown that the higher absolute fruit growth rate was reached at 50-58 DAFB in the susceptible cv. Bing, while in cultivars with more tolerance, such as 'Kordia', the maximum growth rate was reached later in the growing season (72 DAFB). Accordingly, both differences in dynamics of fruit growth and properties of the cuticle to support the extending of the fruit would be useful to fully understand the development of this problem. Moreover, recent studies have suggested that primary causes of fruit cracking could be related with the increase in fruit surface area during fruit development in the absence of deposition of cuticle membrane (Alkio et al., 2012) .
Biochemical factors involved in cherry fruit cracking
Some of the major problems associated with an excessive entrance of water into fruit cells are disruption of the cell wall, leaching of vacuolar contents and loss of cell structure, including dermal layers (Peschel et al., 2007) . Cuticular membrane or cuticle is a hydrophobic semipermeable membrane, composed of multiple layers of lipids that cover aerial surfaces of plants. Its main function is to provide a barrier against pathogens and to diminish water loss (Buda et al., 2009) . The cuticle has two mayor types of lipids: cutin and cuticular waxes (Kunst and Samuels, 2009) . In cherries, waxes of the cuticle play an important role in water permeability. If the cuticle is removed, water intake increases significantly (Knoche et al., 2000) . Qualitative and quantitative analysis of waxes from fruits from different cherry cultivars show that its components are mainly triterpenes (76%), alkanes (19%) and alcohols (1%) (Peschel et al., 2007) . Triterpenes are formed by six isoprene units (Croteau et al., 2000) . Alcohols (primary and secondary) are organic compounds in which the hydroxy functional group is esterified to fatty acids (Samuels et al., 2008) . Alkanes are linear chain saturated hydrocarbons, branched or cyclic, that does not have functional groups, making their reactivity very reduced. They do not form hydrogen bonds and are insoluble in polar solvents (Boese et al., 1999) , conferring the semi permeability property to waxes. Studies in cherry tomato (Solanum lycopersicum L.) demonstrated that the silencing of lecer6 elongase, involved in the extension of long-chain fatty acids, generated three to eight times more dehydration per unit surface area of fruit than the untransformed plant. These fatty acids are key components for the synthesis of aliphatic compounds like alkanes that are part of the cuticular wax (Vogg et al., 2004) . The alkane's quantification for these tomatoes, showed a considerable decrease of the concentration of n-alkanes from 28 to 30 C (Leide et al., 2007) .
The proportion and type of alkanes seem to be important for the resistance to cracking. Rios et al. (2011) and Silva et al. (2012) have found that alkanes with 28 to 30 C are present at different concentrations in different sweet cherry cultivars. 'Lapins' is less susceptible to cracking and reached significantly lower concentrations of this hydrocarbon compared to other cultivars. This component is essential for water permeability in the epicuticular waxes of fruits and leaves, therefore a lower concentration of this component, would allow more efficient water movement. Therefore, difference in concentration of these alkanes could be an important factor to explain different behavior of various cultivars to cracking.
Genetics and molecular factors involved in fruit cracking
Cultivar differences in cracking susceptibility are considerable, but there is no one cultivar totally tolerant to the problem (Roser, 1996; Christensen, 2000) . The development of high quality crack-resistant cultivars and the identification of genes involved in resistance is a major objective in most breeding programs. The selection of a tolerant cultivar could involve several years of field observations and in vitro cracking assays. Nevertheless, the association between field records and laboratory tests is not always perfect. In this regard, the use of technologies that enable a better understanding of the causes or genetic factors that influence the development of fruit cracking could be useful in the development of molecular tools that allow for early selection of individuals with tolerance to this problem.
A research team at Institut National de la Recherche Agronomique INRA-Bordeaux (France) has recently initiated a research program in order to search for the genetic determinism of fruit cracking tolerance. A classical quantitative trait locus (QTL) approach was implemented. A genetic map was developed based on 125 full-sib hybrids coming from a cross between 'Regina' and 'Lapins' (hereafter called R×L). 'Regina' is one of the most cracking-tolerant commercial cultivar and 'Lapins' has an intermediate tolerance to cracking. The genetic map was first built with SSR (or microsatellite) markers (Dirlewanger et al., 2004) and it has recently been highly saturated with Single Nucleotide Polymorphism (SNP) markers (Klagges et al., 2013) . These SNP markers were mapped from a chip of 6000 markers developed within RosBREED project (www.rosbreed.org). Preliminary results showed a low correlation between field and in vitro craking. Hence, a special system was developed to study cracking tolerance, consisting in an overhead sprinkling irrigation system to simulate rainfall spells. Each genotype from the R×L progeny, grafted on 'Tabel Edabriz' rootstock, was planted in a large pot and placed in tunnels equipped with the overhead sprinklers. Slightly before maturity and irrigated during several hours at fixed times and for 5 d. Every day, the number of cracked fruits, out of a total of 100 fruits, was counted and removed (Quero-Garcia et al., 2009 ). This methodology was compared to cracking tolerance values observed in field conditions during three successive years (2008, 2009, and 2010) . Within the field, for all R×L genotypes planted in the field, on their own roots, 100 fruits were harvested at physiological maturity and percentage of cracked fruits was evaluated.
Quantitative trait locus detection studies were conducted for both types of cracking tolerance, measured in tunnel or under field conditions (QueroGarcia et al., 2012) . Since previous studies showed that cracking mechanisms differ depending on the fruit region that cracked (Christensen 1996; Measham et al., 2010) , three different types of cracking were considered: pistillar end, stem end, and fruit side. Studies conducted at INRA-Bordeaux confirmed the complexity of cracking tolerance, since very few significant QTL were identified and most of them were not identified during all the years of the study. Interestingly, QTL for cracking tolerance at each fruit region were detected on different linkage groups, which confirmed that cracking in each area involves different genetic mechanisms. Overall, QTL detected for stem end and pistillar end cracking tolerance were more significant than QTL detected for fruit side cracking tolerance. This result could be explained by the fact that fruit side cracking may result from initial cracks at the pistillar end or at the stem end and, therefore, is a more complex type of cracking. Finally, the highest and most stable QTL, which could explain up to 15% of the phenotypic variability, was found for pistillar end cracking tolerance. Surprisingly, this QTL was identified every year by analyzing field data. Indeed, field data unexpectedly allowed the detection of stronger QTL than tunnel data.
Genome and transcriptomic sequences are useful tools for unveiling signal transduction pathways as well as novel genes (Velasco et al., 2010; Shulaev et al., 2011; Argout et al., 2011) . The sequencing of sweet cherry genome is underway (Koepke et al., 2010) . During the last 2 yr the genome has been sequenced with an actual coverage of 82x. This project has allowed knowing different genes and signal transduction pathways and also identifying putative markers for this disorder. Silva et al. (2012) have found some genes involved in the synthesis of alkenes. They have been sequencing the transcriptome of few sweet cherry cultivars and performed northern digital and qPCR analysis to validate some genes that may be involved in cracking.
In depth studies about anatomy and molecular events that occur in fruit skin during fruit development are available for other species in which cracking is also a major problem. An important contribution to the understanding of multiple metabolic and genetic phenomena that occur in the fruit skin during ripening has been made in tomato (Mintz-Oron et al., 2008) . This study describes the differential expression of genes at different fruit developmental stages and in different tissues of the fruit, to identify genes expressed specifically in the skin at ripening. Among the multiples genes found, there are wax biosynthesis transcriptional activators and genes involved in cell wall modification. Further evidence of the relationship between fruit cracking and properties and composition of the cuticle is provided by Vogg et al. (2004) in tomato, where the mutation of the CER6 gene (β-ketoacyl-CoA synthase), leads to an alteration of the cuticular wax composition and increases water permeability. An interesting work about putative genes involved in the cuticle formation in sweet cherry was recently published by Alkio et al. (2012) . In this research, the authors propose that constant strain suffered by the cuticle, could be a result of the cessation of cuticle membrane deposition during fruit growth. Transcript levels of several genes were analyzed during several stages of fruit development, finding that cessation of the cuticle deposition during early stages of this process, is consistent with lower levels of transcription of genes possibly involved in wax and cutin synthesis pathways.
The mechanisms of cell wall modification during ripening have also been linked to the development of fruit cracking. Ripening and fruit softening are the result of combined action of numerous enzymes such as polygalacturonase (PG), pectinesterase (PE), expansin and β-galactosidase (Brummell and Harpster, 2001) . Antisense inhibition of PE and PG activity in tomato has been shown to alter both the levels of cracking and viscosity of the fruits, while suppression of the ripeningrelated expansin (Exp1) and tomato β-galactosidase 4 (TBG4) increases fruit firmness (Brummell et al., 1999; Smith et al., 2002) . On the other hand, the relationship between activity of cell wall enzymes and cuticular layer has been demonstrated in tomato by Moctezuma et al. (2003) as a result of antisense suppression of a β-galactosidase gene (TBG6). The fruits obtained from these transgenic lines showed a substantial increase in the level of cracking.
In cherry fruit, preliminary studies suggest that transcript levels of β-galactosidase gene vary during fruit development process, showing their highest transcript levels in the fruit set stage, declining as ripening advances (Balbontín et al., 2012) . These results agree with those reported by Kovács et al. (2008) , who showed that the maximum β-galactosidase activity in cherry fruit occurs in the early stages of active growth and then decrease abruptly during ripening. Furthermore, when the transcript level of this gene is compared by real time PCR in two cultivars with contrasting degrees of tolerance, 'Kordia' (tolerant) and 'Bing' (susceptible) , expression was higher in all stages analyzed in the more resistant cultivar. This may provide greater flexibility in the fruit cell wall to prevent emergence of microfractures that occur in more advanced fruit development stages (Knoche et al., 2001) .
The expansins are non enzymatic proteins involved in cell wall extension, in a pH dependent manner, can be considered as regulators of the elongation of plant cells. According to the proposed model, expansins act by breaking down links between cellulose microfibrils and xyloglucans molecules allowing relaxation and expansion of cell wall under tensile stress of fruit softening (McQueenMason et al., 1992; McQueen-Mason and Cosgrove, 1995; Cosgrove, 2000) . Although knowledge about the role of expansin proteins in cherry fruit cracking is still limited, in other species such as apple and litchi, levels of transcription of genes coding for expansin have been correlated with fruit cracking. In apples, six expansin genes were identified and their expression patterns were studied during fruit growth. Among them, MdEXPA3 is mainly expressed during the fruit enlargement phase (Wakasa et al., 2003) and its expression in pericarp tissues has been associated with reduced level fruit cracking (Kasai et al., 2008) . In addition, an expansin gene has been identified in litchi and their levels of transcription in pericarp tissues have shown differences between litchi cultivars with contrasting grade of cracking susceptibility (Wang et al., 2006) . In sour cherry, some expansin coding sequences have recently been identified (Karaaslan and Hrazdina, 2010) . The objective of this study was to determine the expression levels of expansin genes to isolate a fruit ripening-specific promoter in order to design a specific plant transformation vector to increase shelf life of fruits. Using these sequences Balbontín et al. (2012) compared the transcript levels of two sweet cherry cultivars with differential susceptibility to cracking at different stages of fruit development. These studies suggest that the highest level of expansins transcripts was observed in the stage of color change of fruit in the susceptible cultivar, while the expression of this gene in the more resistant cultivar was greater and delayed, coinciding with the ripening of fruits. The latter could provide a greater capacity for cell wall extension to avoid development of cracks on fruit surface. Therefore, the analysis of expression patterns of this and other candidate genes can significantly help to elucidate the mechanisms underlying cherry fruit cracking.
CONCLUSIONS
The problem of rain-induced cracking in sweet cherries is a complex phenomenon with a large number of factors contributing to its development. Despite the different alternatives available through cultural management practices, cracking still represent a limiting factor for commercial production in areas where rain occurs during the harvest period, and planting tolerant cultivars is still the best option to reduce losses associated with this problem. Therefore, the search for new cultivars with greater resistance remains as a priority goal in breeding programs. The study of dynamics of fruit growth and analysis of composition of alkanes in cuticle can help us understand why some cultivars show a better performance against this phenomenon. Furthermore, sequencing of the genome and transcriptome of sweet cherry and the analysis of the structure and expression of genes such as expansins and β-galactosidase, both related to the physiological mechanisms inducing cracking, could be useful in early selection of genotypes with better tolerance in breeding programs. 
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